A treatment planning comparison study was performed to evaluate the dosimetric characteristic and treatment efficiency of volumetric modulated arc therapy with step-and-shoot intensity modulated radiotherapy (IMRT) for the hypofractionated stereotactic radiotherapy (HFSRT) in patients with multiple brain metastases. CT datasets of 10 patients with two to four brain metastases were selected for the comparison. Three plans were generated for each case: seven-field step-and-shoot IMRT, single (RA1) and double (RA2) arcs with RapidArc technique (RA, Varian Medical System). The prescribed dose was 50 Gy in 10 fractions and plans were all normalized to the mean dose to the PTV. For PTV, plans aim to achieve at least 98% of PTV was covered with the 95% of prescription dose, at least 95% of PTV was encompassed by the prescription dose, and an over-dosage of 110% of the prescription dose was allowed to 5% volume of the PTV. The plans generated using three techniques were clinically acceptable. The target conformity and homogeneity were improved slightly with RA2 compared to IMRT and RA1.
Introduction
Brain metastases are common manifestations of systemic cancer. Up to 20-40% of patients with cancer can be expected to develop intracranial metastases during the course of their disease, and half of the incidence of brain metastases is comprised of multiple metastases (1, 2) . Due to the improved systemic control of cancer and the developed imaging, especially MRI, the diagnosis of brain metastases has increased (3). Without treatment, the median survival time for patients with brain metastases is approximately 1 month, and this can be increased to 6 months with whole-brain radiotherapy (WBRT) (4). Hypofractionated stereotactic radiotherapy (HFSRT) is a method of delivering a highly conformal dose distribution in few treatment sessions using a relocatable stereotactic frame (5). Hall et al., (6) suggested that fractioned stereotactic radiotherapy may provide a radiobiologic benefit in the management of intracranial malignancies. HFSRT is an effective and safe modality with overall high local control and minimal toxicity for the treatment of solitary or oligo brain metastases (5, 7, 8, 9) .
Intensity modulated radiotherapy (IMRT), using non-uniform beam intensity, could improve target coverage with simultaneously lower doses to adjacent organs at risk especially for larger and irregular tumor shapes (10) . However, the drawbacks of the IMRT technique have also been reported. The prolonged delivery time per fraction of IMRT may worsen the accuracy of treatment due to increased intra-fractional patient motion (11). In addition, more monitor units and a bigger volume of normal tissue exposed to lower radiation dose would increase the possibility of radiation-induced secondary malignancies after IMRT treatment (12) .
Intensity modulated arc therapy (IMAT), first introduced by Yu (13) in 1995, delivers radiation using superimposing arcs as an alternative to Tomotherapy. Duthoy et al., (14, 15) reported that IMAT, applying multiple non-coplanar modulated arcs, offered at least equivalent dose distribution compared to conventional conformal treatments. Because beam rotation and irradiation are concurrent, the delivery is efficient. Several research groups continued the efforts in planning and clinical implementation to achieve equivalent or superior target coverage and improved sparing of OARs by using a single arc (16, 17, 18, 19) . Recently Otto (20) developed a novel plan optimization platform, named volumetric modulated arc therapy, to achieve highly conformal dose distribution with superior delivery efficiency in a single dynamic modulated arc compared to conventional fixed field IMRT.
RapidArc (RA, Varian medical system, Palo Alto, CA), based on original investigation from K. Otto, falls into the category of volumetric modulated arc therapy. It achieves favorable dose distribution by simultaneously varying the speed of the gantry rotation, the dose rate (DR) of the linear accelerator, and the multileaf collimator (MLC) aperture shape. This technique aims to i) improve organs at risk (OARs) and healthy tissue sparing compared to other solutions; ii) maintain or improve the same degree of target coverage; and iii) reduce significantly beam-on time per fraction.
Treatment planning of multiple brain metastases is relatively complex because the targets are often surrounded by many critical and radiation-sensitive structures including brain stem, eyes, optic nerves and lenses. The delivery of adequate radiation dose to the targets with lower dose to organs at risk is challenging. The purpose of this planning study is to investigate the dosemetric difference and delivery efficiency among step-and-shoot IMRT, single and double arcs using RA for HFSRT in patients with oligo brain metastases (2-4 metastases) .
Materials and Methods

Patient Selection and Planning Objectives
CT datasets of 10 patients with 2-4 brain metastases who previously planned with linear accelerator-based HFSRT using IMRT were selected for the comparison. All patients had histologic evidence of extracranial primary cancers. Table I shows the patient characteristics. The mean GTV volume was 18.5 cm 3 . The targets located in the frontal, temporal or occipital lobe, so the targets were close to the structures with tight tolerance including brainstem, optic nerves and eyes (lenses).
Patients were positioned supine in a custom-made mask (CIVCO medical solution), and intravenous contrast-enhanced computed tomographic (CT) imaging was obtained using a slice thickness of 3 mm through the entire brain. The main OARs considered for all patients were delineated including brainstem, optic nerves, eyes and lenses. Targets were RapidArc (RA) Planning: To achieve the desired level of modulation required, the dose rate (DR), MLC leaf position and gantry rotational speed were continuously varied. The current version of the software allowed optimization of multiple arcs simultaneously, with the limitation that the sum of the arc spans be less than 1,000  . During optimization, the MLC constraints are considered to ensure the plan is deliverable, and MLC-shaped fields are progressively added throughout the gantry rotation. Plans for RapidArc were optimized using the 6-MV SRS photon beam with a maximum DR of 600 MU per minute. The details about the planning process have been previously reported (23). Two sets of plans were formulated and analyzed: i) RA1 consists of a single counter-clock-wise 358  rotation, which starts at a gantry angle of 179  and stops at a gantry angle of 181  with couch angle set to 0  . To minimize the contribution of tongue and groove effect during the arc rotation and benefit from leaves trajectories non-coplanar with respect to patient's axis, collimator was rotated to 10  -15  depending on patient. ii) RA2 consists of two coplanar arcs of 358  optimized simultaneously and to be delivered with opposite rotation (clock and counter-clock-wise). For RA2 plans the couch was set to 0  for both arcs, while the collimator rotation was set to the same angle X as in RA1 plans for the first arc and to 360  -X for the second arc.
Evaluation Tools
Evaluation of plans was based on cumulative Dose-Volume Histogram (DVH) analysis. For PTV, the values of D 98% and D 2% (dose received by 98% and 2% of the volume) were defined as metrics for minimum and maximum doses. Also to implement the appraisal of minimum and maximum dose, V 95% , V 107% , and V 110% (the volumes receiving at least 95%, 107%, and 110% of the prescribed dose) were reported. RTOG CI (24) and Paddick CI (25) were calculated to evaluate the degree of conformity of the dose distribution. The indexes were defined as following:
, where PV is the volume of prescription dose, and TV is the target volume. This value would be <1 or >1, depending on whether the target volume was over-or undercovered by the prescription dose. In RTOG guidelines, this value should be kept as close to 1.0 as possible. The value between 1.0 and 2.0 is optimal, between 2.0 and 2.5 is a minor variation, and >2.5 is a major deviation.
, where TV PV is the volume of target covered by the prescription dose, TV is the target volume and PV is the volume of prescription dose. The Paddick CI gives a measure of conformity for the prescrip tion defined according to ICRU-50 recommendation (21). The gross tumor volume (GTV) for each target metastasis was delineated as the contrast-enhancing lesion on the CT axial image by radiation oncologist. Clinical target volume (CTV) was generated by adding a 4 mm margin to the GTV in all dimensions. Planning target volume (PTV) was defined from the CTV adding 4 mm margins with 3D expansion to correct for possible residual positional inaccuracies. The healthy tissue was defined as the patient's volume covered by the CT scan minus the envelope of the PTV. Dose prescription was set to 50 Gy at 5 Gy per fraction to the PTV. All plans were normalized to the mean dose to the PTV to avoid any basis or rescaling effect in the comparison. For all PTVs, plans aim to achieve at least 98% of PTV was covered with the 95% of prescription dose, at least 95% of PTV was encompassed by the prescription dose, and an over-dosage of 110% of the prescription dose was allowed to 5% volume of the PTV. For OARs, the tolerance level for maximum dose, calculated using an alpha/beta ratio of 3 Gy (22), was 6 Gy for lenses, 30 Gy for brainstem and 30 Gy for optic nerves.
Planning Techniques
For each patient, three different treatment plans were calculated: single arc (RA1), double arcs (RA2) and IMRT, respectively. All plans were generated using the Eclipse planning system (Version 8.6) with 6 MV photon beams commissioned for a Varian trilogy linear accelerator equipped with a Millennium Multileaf Collimator (MLC) with 120 leaves (spatial resolution of 5 mm at isocentre for the central 20 cm and of 10 mm in the outer 2 × 10 cm, a maximum leaf speed of 2.5 cm/s). The same isocentre was defined for IMRT and RA plans. In addition, a ring structure measuring 1 cm wide and starting 5mm outside the PTV, enforcing rapid dose falloff, was used for optimization. Furthermore, the "normal tissue objective" feature was used to limit the dose level and prevent hot spots in non target structures of the body. In all cases, planning objectives were transferred into dose-volume constraints used in the optimization phase.
Conventional IMRT planning: Reference plans were optimized according to the 'conventional' IMRT delivering the dose by means of the step and shoot approach. Plans were optimized with seven coplanar equidistant fields with collimator angle set to 0  . A fixed dose rate of 300 MU/min was selected for IMRT. During the optimization process, the planner would modify the relative priority value to force the system to meet one or more objectives that had not been sufficiently satisfied. Once the planning goals were achieved, the optimization was stopped. To ensure coherence with RapidArc condition, the final dose calculation was performed using the Anisotropic Analytical Algorithm (AAA) for all cases in IMRT planning. The dose calculation grid was set to 2.5 mm and tissue heterogeneity corrections were used. for RA2, whereas the maximum dose expressed as D 2% was identical for all approach. The RTOG CI, Paddick CI and HI for RA2 plans were slightly improved compare to IMRT and RA1 plans, while no statistically significant difference was observed between IMRT and RA1.
Dosimetry of Organs at Risk
Concerning organs at risk, all techniques fulfilled planning objectives placed during the optimization process. Compared to IMRT, RA1 plans showed the similar dose to the most organs with no observed statistically significant difference except for left optic nerve. On the contrary, RA2 proved to be superior to improve the sparing of OARs than IMRT and RA1. Compared with IMRT, the D 2% in RA2 plans to the brainstem, left optic nerve, left and right lens reduced by 1.6 Gy, 6 Gy, 1.5 Gy, 1.3 Gy respectively. The mean doses to OARs were also lower in RA2 than those in IMRT except for brainstem. Both the D 2% and the mean dose to the right optic nerve were lower on average for RA2, although no statistically significant difference was observed among three techniques.
Healthy Tissue
Compared to IMRT, RA1 and RA2 increased the normal tissue volume receiving dose below 5 Gy from 52.9% ± 13.3% to 56.7% ± 14.9% and 57.1% ± 14.7% respectively, and the volume irradiated with 10 Gy was similar. However, both RA techniques reduced the volume receiving the dose level ranging between 15 Gy and 20 Gy. No significantly different dose distribution was observed between RA1 and RA2. Due to the more contribution of low dose level, the integral dose was found to be slightly higher with RA1 and RA2 than IMRT.
dose volume around the target volume and also accounts for spatial deviations by measuring the normal tissue being irradiated to the prescription dose. Values can range from 0 to 1, and values closer to 1.0 are optimal.
The homogeneity of the treatment was expressed in terms of D 5% -D 95% (difference between the dose covering 5% and 95% of the PTV). The lower this value, the better is the dose homogeneity. For OARs, the analysis included the mean dose and the maximum dose expressed as D 2% . For healthy tissue, the integral dose, "DoseInt", is defined as the integral of the absorbed dose extended to over all voxels excluding those within the target volume (DoseInt dimensions are Gy*cm 3 *10 4 ), and a set of Vx (the volume receiving at least x Gy) were reported.
Average cumulative DVHs for PTV, OARs and health tissue were built from the individual DVHs for visualization of difference between techniques, which is obtained by averaging the corresponding volumes over the whole patient's cohort for each dose bin of 0.01 Gy.
In addition, to investigate the efficiency of RA technique with respect to IMRT, delivery parameters were recorded in terms of number of MU per fraction and the pure beam-on time.
Statistical Analysis
To assess the difference between the techniques, the Wilcoxon matched-paired signed-rank test was applied. All statistical tests were two-sided, with a threshold for statistical significance of p-value below 0.05.
Results
All plans generated by three techniques were clinically acceptable, but differences were observed in the dosimetric parameters. The numerical findings from DVH analysis on PTV, main OARs and healthy tissue are reported in tables II and III, respectively. Data are presented as mean values ± standard deviation (SD) averaging over the investigated patients. Figure 1 illustrates representative axial dose distributions performed by IMRT, RA1 and RA2. Figure 2 shows the average DVH for the PTV, OARs and healthy tissue to show the difference between IMRT and RA.
Target Coverage and Dose Homogeneity
In general, if considered from a clinical perspective, target coverage appeared to be similar with all the techniques. With the prescription dose of 50 Gy, the parameters, D 98% and V 100% , were more optimal in RA2 plans than those in IMRT and RA1 plans, and the same trend was also observed in the reduction of over dosages in the PTV volume (V 107% , V 110% ) with statistically significant difference. It is important to note that all cases optimized the constant gantry rotation speed at the 4.8  /s. The pure beam-on time needed per fraction was 6.5 ± 1.2 min for IMRT, 1.25 min for RA1 and 2.5 min for RA2, respectively. So the beam-on time for RA1 and RA2 was approximately 80% and 40% less compared to IMRT.
Discussion
Recent studies using RapidArc treatment planning for cervical cancer, anal canal cancer and benign intracranial tumor have shown RA plans with only one or two arcs technique could be delivered with equivalent or more conformal dose distribution, shorter treatment time, and relatively lower monitor units needed per fraction compared to conventional IMRT (23, 26, 27) . However, it is currently discussed controversially whether volumetric modulated arc therapy using single or multiple arcs was inferior, identical or superior to conventional static IMRT and how to choose the technique for the different target, especially with complex-shaped or adjacent to critical structures. Guckenberger et al., (28) reported that all these depend on the complexity of the target volume and the number of arcs. For intermediate complex 3.4 ± 0.9 3.6 ± 1.0 3.5 ± 0.9 a, b IMRT = intensity modulated radiotherapy; RA1 = single arc with RapidArc; RA2 = double arcs with RapidArc; D x% = dose received by the x% of the volume; D mean = mean dose received by the volume; V x = volume receiving at least x Gy; DoseInt = integral of the absorbed dose extended to over all voxels excluding those within the target volume. Statistical significance with p < 0.05: a = IMRT vs RA1; b = IMRT vs RA2; c = RA1vs RA2. and RA2 was 41% and 52% of that for IMRT, respectively. In current study, no constrain was placed in the number of MUs in the optimization. From the results of these cases we selected, the monitor units needed per fraction for RA1 and RA2 were less than for IMRT with the mean reduction 36.8% and 27.2%, while only 15.7% more monitor units were required for RA2 than RA1.
Delivery Parameters
Concerning the pure beam-on time, RA1, with a single arc delivery of 5 Gy, only needs 1.25 minutes, and RA2 needs 2.5 minutes. This contrasts with the conventional IMRT using seven coplanar fields that required 6.5 ± 1.2 min. In the evaluation of treatment time, patient positioning and pre-treatment image-guide procedure were identical among three techniques, so the predominant factor influencing the total treatment was beam-on time and the extra time required between beams. Conventional IMRT need more time to reprogram the linac between fixed gantry beams, rotate the gantry from one position to the next and deliver split fields with more MUs. From the logistic point of view, treatment for RA1 and RA2 as in this study has obviously potential compared to IMRT with seven static beams. The reduction of total treatment time of RA may have a clinical impact on patients such as increase patients' comfort on couch with less time undergoing tight custom-made mask, reduce the risk of interfraction movements, minimize the organ displacement and enable the treatment of more patients per machine. It should be noted that a specific technique of seven-field stepand-shoot IMRT was used in the present comparison. Different approaches with fewer gantry angles or with few split fields could improve the efficiency of IMRT.
It is essential to mention that in our investigation, the anatomical region was complex, but only one dose level was required. So the treatment plans were relatively simple compared to the cases such as radiotherapy for head-and-neck cancer with two or three dose levels. Bortfeld et al., (35) concluded that Single-Arc holds potential as an efficient IMRT technique especially for relatively simple cases. On the contrary, Single-Arc may unduly compromise the quality of the dose distribution in complex cases. In this situation, the dosimetric results of our study demonstrated that single arc could achieve at least equal plan quality compared to IMRT. With the increasing of arc numbers, such as double arcs, no significant improvements were observed on the target coverage as shown in PTV average DVH (Figure 2 ), although dosimetric parameters were statistically different. However, it is obvious that the dose to the OARs in RA2 plans was reduced significantly. In our opinion, if the plan quality was clinically acceptable, single arc technique was recommended because of the less monitor units and shorter treatment time. If the dose to OARs exceeded the tolerance, double arcs technique would be helpful to achieve more sparing of OARs. In our institution, RapidArc technique target, single arc achieved slightly improved plan quality compared to IMRT, while two or three arcs were needed for the relatively more complex target with different dose levels. Furthermore, Clark et al., (29) demonstrated that volumetric modulated arc radiosurgery approach using a single isocenter for the treatment of multiple brain metastases can be delivered efficiently. Single arc can achieve the dose distribution similar to multiple arcs, while multiple arcs might be required for the lesions spaced closely in the same axial plane.
The present study compared the potential dosimetric and treatment efficiency of RA1, RA2 against IMRT for HFSRT in patients with oligo brain metastases. Vanderspek et al., (30) reported that the conformity and homogeneity indices were equivalent between the Helical Tomotheray (HT) and intensity-modulated radiosurgery (IMRS) for the treatment in patients with three to six brain metastases, and IMRS achieved the improved sparing of OARs and lower integral dose to normal brain. The mean treatment time was longer for HT than IMRS. Wiggenraad et al., (31) compared the merits of IMRT and dynamic conformal arc (DCA) in the treatment of intracranial tumors. The results showed that a better mean HI with DCA in complex and small tumors, a better mean CI with IMRT in concave tumors with significantly more monitor units needed. They concluded that DCA was the preferred stereotactic radiotherapy technique for most intracranial tumors.
Data shown in the present investigation demonstrate that three coplanar techniques are capable to generate the excellent dose distribution. RA2, two arcs with RapidArc technique, achieved slightly more optimal target coverage, conformity and homogeneity compared to conventional IMRT. However, RA1, only one arc, showed the similar targets dose distribution compared to IMRT. RA2 also allowed the improvement in sparing of OARs, while the doses irradiated to the most OARs were identical between RA1 and IMRT. In regard to healthy tissue, the planning objectives were not set in numerical terms in planning optimization, but the "virtual ring" structure, normal tissue objective, was used to limit dose and prevent hot pots in healthy tissue described as Verbakel et al., (32) . As shown in the results, RA1 and RA2 increased the volume receiving the low dose level of 5 Gy, and the volume receiving dose level between 15 Gy and 20 Gy decreased. These findings were consistent with the planning study published recently (27, 33) . In order to predict the risk of radiation-induced second malignancies for patients undergoing radiotherapy, more models were required to establish.
The main advantage of the RapidArc is its speed of delivery with less monitor units compared to the conventional multiple static IMRT. Verbakel et al., (32) reported the number of MU was reduced by 59% for the RA plans. Vanetti et al., (34) reported the number of MU for RA1 replaced conventional IMRT for most cases due to the dosimetric superiority and treatment efficiency.
There are several limitations that need to be clarified. Firstly, it is well known that common limitation of comparative planning studies was the biases. In order to minimize arbitrary elements, more attention was paid in our planning study: both RA and IMRT plans were optimized anew instead of using the previously treated plan as the reference; all plans were generated in the same version of the treatment planning system, using similar planning objectives, calculation algorithms, tissue heterogeneity corrections, dose grid and evaluation tools; all plans were generated by a single person. Secondly, it should be stressed that, in our investigation, the locations of the multiple brain metastases are different among the cases. The small sample size limits the applicability of our conclusion to all patients with multiple brain metastases. Whether multiple arcs should be applied as a solution depends on the complexity of the plan. But the efficiency of RA technique to treat the multiple brain metastases was observed from the results of our investigation. Thirdly, although RA technique, from the dosimetric point of view, has achieved slight improvements in planning level, but differences might not be clinically significant.
More clinical trials were required to prove whether these improvements could transfer into clinically significant benefit to the patients in terms of local tumor control, toxicity and survival.
In conclusion, the treatment plans generated by RA1 and seven-field step-and-shoot IMRT proved to be similar, while RA2 provided additional improvements in sparing of OARs with slightly better PTV coverage. The major advantage is that RA plans can be delivered with less monitor units and shorter delivery time over IMRT.
